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Lactase persistence, the genetic trait in which intestinal lactase activity persists at childhood levels into adulthood,
varies in frequency in different human populations, being most frequent in northern Europeans and certain African
and Arabian nomadic tribes, who have a history of drinking fresh milk. Selection is likely to have played an
important role in establishing these different frequencies since the development of agricultural pastoralism ∼9,000
years ago. We have previously shown that the element responsible for the lactase persistence/nonpersistence poly-
morphism in humans is cis-acting to the lactase gene and that lactase persistence is associated, in Europeans, with
the most common 70-kb lactase haplotype, A. We report here a study of the 11-site haplotype in 1,338 chromosomes
from 11 populations that differ in lactase persistence frequency. Our data show that haplotype diversity was
generated both by point mutations and recombinations. The four globally common haplotypes (A, B, C, and U)
are not closely related and have different distributions; the A haplotype is at high frequencies only in northern
Europeans, where lactase persistence is common; and the U haplotype is virtually absent from Indo-European
populations. Much more diversity is seen in sub-Saharan Africans than in non-Africans, consistent with an “Out
of Africa” model for peopling of the Old World. Analysis of recent recombinant haplotypes by allele-specific PCR,
along with deduction of the root haplotype from chimpanzee sequence, allowed construction of a haplotype network
that assisted in evaluation of the relative roles of drift and selection in establishing the haplotype frequencies in
the different populations. We suggest that genetic drift was important in shaping the general pattern of non-African
haplotype diversity, with recent directional selection in northern Europeans for the haplotype associated with lactase
persistence.
Introduction
Analysis of the distribution and nature of DNA variation
in human populations is important for isolation of risk
loci in multifactorial diseases and illumination of the
evolutionary history of the species (Weiss 1993; Rogers
and Jorde 1995). Most work has concentrated on non-
recombining DNA elements, such as mtDNA and Y-
chromosomal DNA (Vigilant et al. 1991; Hammer
1995), and small autosomal regions with no significant
recombination (Wainscoat et al. 1986; Tishkoff et al.
1996; Bergstrom et al. 1998; Jaruzelska et al. 1999),
but, recently, large regions containing autosomal genes
usually associated with diseases have been analyzed in
a variety of populations (Clark et al. 1998; Kidd et al.
1998; Tishkoff et al. 1998; Yip et al. 1999). Here, we
analyze haplotypes across 70 kb of the lactase gene
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(LCT), a region small enough for observation of linkage
disequilibrium across the whole region (Harvey et al.
1995) yet large enough for observation of evidence of
historical recombination events.
Population movement influences allelic frequencies
and patterns of disequilibrium, but patterns of variation
at certain loci can also be affected—directly, by selec-
tion, or indirectly, by selective sweep caused by a linked
locus—and this has been investigated at several loci
(Hill et al. 1992; Jobling et al. 1998). For example,
analysis of diversity shows evidence of balancing selec-
tion by infectious pathogens at the major histocompat-
ability complex (MIM 142857, MIM 604305), and re-
cent work involving complete sequencing of genes in
different individuals has shown evidence of selection by
ultraviolet irradiation at the MC1R locus involved in
melanin skin phenotype (Harding et al. 2000) and at
the Duffy blood group locus by Plasmodium vivax ma-
laria (Hamblin and Di Rienzo 2000). Phenotypic vari-
ation of digestive enzymes is a likely target of selection,
and the classic case of this is the lactase-persistence/
nonpersistence polymorphism. This is a genetic poly-
morphism controlled by an as-yet-unidentified cis-act-
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ing element (MIM 223100; Wang et al. 1995, 1998)
within a 300-kb region containing the lactase gene (M.
Poulter, E. Hollox, D. M. Swallow, unpublished data).
The lactase-persistence allele (LCT*P), which causes
high childhood levels of lactase to persist into adulthood
rather than to decline, varies in frequency between pop-
ulations. In northern Europeans and certain nomadic
tribes of Africa and Asia (such as Bedouin and Beja),
the frequency of LCT*P is high, whereas, in other pop-
ulations, it is much lower. These populations also have
a history of drinking fresh milk, which is rich in lactose,
the disaccharide digested by lactase. Significant quan-
tities of fresh milk were available only after the do-
mestication of animals, which started ∼9,000 years ago
in the Fertile Crescent area of the Near East (Simoons
1971; Dudd and Evershed 1998). In some populations,
strong selection may have operated after this time fa-
voring those who could drink fresh milk (lactase per-
sistent), and this may be an example of gene-culture
coevolution (Feldman and Cavalli-Sforza 1989; Dur-
ham 1991a). Other populations have developed cultural
adaptations to milk drinking which involve fermenting
fresh milk to produce products such as cheese and yo-
gurt, which have a lower level of lactose and hence are
less likely to produce symptoms in nonpersistent indi-
viduals (Kolars et al. 1984). The selective factors in-
volved in favouring fresh-milk drinkers are varied and
are still debated but may include improved nutrition,
prevention of dehydration, and improved calcium ab-
sorption (Holden and Mace 1997); for reviews, see
(Flatz 1987; Durham 1991b; Swallow and Hollox
2000). Selection in favor of lactase nonpersistence in
areas with endemic malaria has been proposed (Ander-
son and Vullo 1994) but has not been substantiated
(Meloni et al. 1998).
Polymorphic sites across the 70-kb lactase gene have
previously been described by us and other workers (Boll
et al. 1991; Lloyd et al. 1992; Harvey et al. 1995), and,
although none are causative of the phenotypic poly-
morphism, one in a conserved 5′ region appears to affect
protein binding to the DNA (Hollox et al. 1999). We
have previously described haplotypes of these poly-
morphic sites by analysis of families and cohorts of
European individuals (Harvey et al. 1995, 1998), and
these data suggested association of LCT*P with one
haplotype (A) and a cline of this haplotype across Eu-
rope, mirroring the cline in LCT*P allele frequency
across Europe (Harvey et al. 1998). Our hypothesis is
that LCT*P is a mutation that occurred on the A hap-
lotype and was subject to recent strong directional se-
lection in northern Europeans after the development of
pastoralism ∼9,000 years ago.
The objective of the present study was to examine the
frequencies of these haplotypes worldwide, in relation to
the known distribution of the LCT*P allele. We tested
669 individuals from a total of 11 populations and pre-
sent these data together with LCT*P frequencies estab-
lished in other studies. We also construct a phylogeny for
the LCT haplotypes observed, which provides insight
into the likely relative roles of selection and drift in es-
tablishing present-day haplotype frequencies.
Methods
Samples
Samples from the following human populations were
tested: two sub-Saharan African populations (San from
northwest Namibia and Bantu-speaking South Africans
living in and around Johannesburg), five Indo-European
language–speaking populations (northern Europeans,
mainly from the United Kingdom; southern Europeans,
mainly from Italy; Russians from Perm; Roma from Slo-
vakia; and northern Indians), one Dravidian-speaking
population (southern Indians from the Tamil Nadu and
Kerala regions of India and Sri Lanka resident in Sin-
gapore), and one Finno-Ugric–speaking population
(both Moksha and Erji groups of Mordavians from
Mordavia in Russia). Four populations from East Asia
were also tested:Malays and Chinese living in Singapore,
Japanese from Osaka, and Papua New Guineans from
both highland and lowland groups. All human DNA
samples were collected with informed consent under the
appropriate ethical procedures for the country of origin.
DNA from Blood
DNA was prepared from whole blood by standard
techniques, except for that from the Mordavian and
Russian samples, which was extracted, by means of a
simple alkaline lysis method, from blood dried on filter
paper (Rudbeck and Dissing 1998).
Polymorphism Testing
The polymorphisms were analyzed by denaturing gra-
dient gel electrophoresis (DGGE), single-strand confor-
mation analysis (SSCA), restriction-enzyme digest, and
simple electrophoresis, as described elsewhere (Harvey
et al. 1995; Hollox et al. 1999). The sites are all num-
bered with respect either to lactase cDNA or to the num-
ber of nucleotides from the start or end of transcription
(Boll et al. 1991; Hollox et al. 1999). One previously
unpublished polymorphic site (C458intT) was also
tested in the population samples. This is within the F2A/
F2S PCR product and is detected by the same SSCA
method used for analysis of G666A. This new poly-
morphism is in intron 1 and is described as C458intT,
because it is at base 458 of the genomic sequence ac-
cession no. M61835.
The likely original allelic state for each polymorphism
was deduced by analysis of the equivalent position in
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chimpanzee sequence, generated by amplification and
direct sequencing of DNA from five unrelated animals
using the primers designed on human sequence. As part
of this process, 1 kb of contiguous chimpanzee sequence
5′ to the lactase gene was generated and has been sub-
mitted to EMBL/Genbank (AF282888).
T5579C was tested by usingMsp1 digestion of a PCR
product with PCR primers which included a nonpoly-
morphicMsp1 site (position 5779) as an internal control
for digestion. Both T5579C and TG6236/7DD were also
typed by an allele-specific PCR (AS-PCR) method, using
primers specific for each allele, at both sites, that allowed
phase of both alleles to be determined in individuals
heterozygous for both sites. The nucleotide changes of
representative samples from each population were con-
firmed by direct sequencing of the appropriate PCR
product, and in some cases cloned products, as described
elsewhere (Hollox et al. 1999). In a small subset of pop-
ulation samples, two further polymorphisms 3′ to exon
17 (CATT225DDDD and C658T, numbering relative
to the end of exon 17) were analyzed by allele-specific
PCR primers. The sequence of all AS-PCR primers can
be found at our Web site.
Linkage Disequilibrium Analysis and Haplotype
Estimation
Pairwise linkage disequilibrium between all combina-
tions of the six loci that we had tested previously (Harvey
et al. 1995) was estimated by constructing 3#3 pheno-
type contingency tables (each locus having three pheno-
types—A, AG, and G—or interpreted genotypes—AA,
AG, and GG) and was analyzed using a maximum-like-
lihood method employed by the computer program AS-
SOCIATE (Ott 1991; Terwilliger and Ott 1994) available
from the UK Human Genome Mapping Project Resource
Centre. D′ was calculated using , where′D p FD /D Fij max
and ifD p p  p p D p min[p p ,(1 p )(1 p)]ij ij i j max i j i j
or if . and areD ! 0 min[(1 p )p ,p (1 p)] D 1 0 p pij i j i j ij i j
the frequencies of alleles i and j, and is the frequencypij
of the haplotype having i at the first locus and j at the
second locus. The ASSOCIATE program also calculates
deviations of observed phenotype frequencies from those
expected from a population in Hardy-Weinberg equili-
brium.
Haplotypes across all 11 sites were inferred as another
way of assessing linkage disequilibrium. This was made
simpler by use of DGGE, SSCA, and AS-PCR, which
allowed three partial, confidently assigned haplotypes to
be determined and treated as multiallelic single loci in
the complete haplotype estimation procedures. Haplo-
types of sites C-958T, A-946G, C-942G, TC-942/3DD,
and G-875A can be resolved by DGGE (Hollox et al.
1999). SSCA of the PCR product containing G666A
reveals the allele C458intT in association with 666A as
a novel band. AS-PCR of the exon 17 polymorphisms
(T5579C and TG6236/7DD) allowed these to be hap-
lotyped and treated as a one-locus, four-allele system.
Complete 70-kb haplotypes were deduced by two
methods in all populations: haplotype counting and
maximum-likelihood analysis. Haplotype counting in-
volved recording the haplotypes of totally homozygous
individuals and those heterozygous for only one site. In
individuals heterozygous for more than one site, all pos-
sible haplotypes were considered, but the haplotypes
that occur at the highest frequencies in the particular
population were preferentially assumed.Maximum-like-
lihood estimates of haplotypes were carried out on all
population samples using the computer program EH
(Terwilliger and Ott 1994), which is available from the
Web site of the United Kingdom Human Genome Map-
ping Project Resource Centre.
In all but two populations, haplotype frequencies de-
duced by the two methods were very similar. However,
in Bantu and San, the high levels of heterozygosity at
more than one site made haplotype counting more error
prone. All haplotype frequencies shown are the maxi-
mum-likelihood estimates when EH is used.
Standard error of allele frequencies was calculated as
, where n is the number of chromosomess p pq/n
tested. Significance of pairwise association and overall
allelic association of the region was calculated using a
x2 test of the log likelihood statistics produced by AS-
SOCIATE and EH, respectively. All allelic associations
detected by EH were significant ( ), except forP  .001
the San population.
Heterozygosity
Heterozygosity was calculated using the following sta-
tistic:
kn
H p 1 p ,2 i( )n 1 ip1
and its corresponding variance was given by
2
V(H) p
n(n 1)
2 2
k k k k
3 2 2 2# 2(n 2) p  p  p  p ,   i i i i( ) ( ){ [ ] }ip1 ip1 ip1 ip1
where n is the number of chromosomes tested, k the
number of haplotypes, and the frequency of the ithpi
haplotype (Nei 1987).
Hollox et al.: Lactase Haplotype Diversity 163
Figure 1 LCT and polymorphic sites forming the lactase haplotype. Exons are shown as black bars. The series of circles underneath
represent the polymorphic sites that form the haplotype.
Sequencing
Direct sequencing of PCR products was performed either
by use of the ThermoSequenase radiolabeled terminator
kit (Amersham Pharmacia Biotech) and standard elec-
trophoretic analysis or by use of the BigDye cycle se-
quencing kit (PE Biosystems) and electrophoresis on an
Applied Biosystems 373A automatic sequencer.
Results
The positions of the polymorphic sites analyzed are
shown in figure 1, and the allele frequencies in each
population are shown in table 1. All sites have been
described elsewhere (Harvey et al. 1995; Hollox et al.
1999)—except C458intT, where the T allele is present
at a significant frequency only in the San, although it
was observed in Bantu-speaking South Africans (table
1) and several British of African or Afro-Caribbean an-
cestry (data not shown).
Pairwise linkage disequilibrium (D′) between alleles
was determined for all populations except the San, who
were not included because of the small sample size.
These data were compared with our previously pub-
lished linkage disequilibria calculated from the CEPH
families and are represented in figure 2. The closely
spaced loci at the 5′ end of lactase show either complete
or virtually complete disequilibrium with each other in
all populations. This is also the case with T5579C and
TG6236/7DD loci, both in exon 17.
Haplotypes of the 11 polymorphic sites were deduced
from diploid data from each population by maximum-
likelihood statistics, and the allelic compositions of all
haplotypes deduced is shown in figure 3, together with
their overall frequency in all the samples used in this
study. Only four haplotypes—A, B, C, and U—are pre-
sent at a frequency of.05. Haplotypes that are present
at a frequency of .01 in only one population are in-
dicated by a hash mark.
The haplotype frequencies in the individual popula-
tions are shown in table 2, together with the haplotype
heterozygosity. Haplotype A is the most common in all
populations except the sub-Saharan African ones, and
is particularly frequent (.86) in northern Europeans.
Haplotype B, whose distribution reflects the component
958T allele, is at highest frequency in Papua New
Guineans (.36) and is present in all populations except
Bantu-speaking South Africans. Haplotype C is also pre-
sent in all populations but is rare in northern Europeans
and San. The frequency of the U haplotype closely re-
flects its component allele 942/943DD—except in Af-
ricans, in whom other haplotypes carry this allele—and,
like its component allele, is only present in 2 of 384
individuals from Indo-European populations. The non-
African populations show heterozygosity between .65
and .78, with the exception of northern Europeans, who
show a heterozygosity of .26, reflecting the very high
frequency of the A haplotype (other non-Africans (
northern Europeans, , Student’s t-test). The SanP ! .001
and the Bantu-speaking South Africans are the most
diverse, with heterozygosities of .91 and .87 respec-
tively, which are significantly higher than those of non-
Africans (other non-Africans ( Africans, , Stu-P ! .01
dent’s t-test).
The four common global haplotypes, A, B, C, and U,
differ from each other at three or more sites (fig. 3), so
the mutational relationship between them is not im-
mediately clear. A coalescent approach for deducing the
relationship between haplotypes, such as that used by
Harding et al. (1997), was not appropriate, since this
approach assumes no recombination—an assumption
which cannot be made for this system, as will be dem-
onstrated. Also, a reduced median approach to con-
struct a network using the RM algorithm (Bandelt et
al. 1995) was not appropriate, because this method as-
sumes that common haplotypes are ancestral to rarer
haplotypes, an assumption broken if selection or drift
acts on these frequencies. An alternative approach was
Table 1
Frequencies of Alleles in Different Population Samples
POLYMORPHIC SITE
FREQUENCY IN SAMPLE
Northern
European
( )n p 104
Southern
European
( )n p 106
Northern
Indian
( )n p 156
Southern
Indian
( )n p 84
Malay
( )n p 200
Chinese
( )n p 102
Japanese
( )n p 82
Papuan
( )n p 72
Roma
( )n p 170
Mordavian
( )n p 68
Russian
( )n p 80
Bantu
( )n p 72
San
( )n p 30
958T .08 .03 .40 .05 .28 .04 .23 .05 .17 .03 .20 .04 .11 .03 .42 .06 .35 .04 .28 .05 .27 .05 0 .03 .03
946G 0 0 0 0 0 0 0 0 0 0 0 .01 .01 .03 .03
942G 0 0 0 0 .01 .01 .03 .02 .01 .01 0 0 0 0 0 0
942/3DD 0 0 0 0 .10 .02 .20 .04 .28 .05 .04 .02 0 .04 .02 .03 .02 .28 .05 .57 .09
875A .03 .02 .06 .02 0 0 0 0 0 0 .01 .01 .01 .01 .01 .01 0 0
678G .04 .02 .12 .03 .25 .03 .32 .05 .23 .03 .12 .03 .19 .04 .17 .04 .13 .03 .13 .04 .20 .04 .42 .06 .03 .03
552 to 559 A9 .89 .03 .37 .05 .44 .04 .45 .05 .61 .03 .68 .05 .68 .05 .42 .06 .49 .04 .59 .06 .50 .06 .43 .05 .70 .08
458intT 0 0 0 0 0 0 0 0 0 0 0 .03 .02 .13 .06
666A .08 .03 .39 .05 .29 .04 .21 .04 .27 .03 .37 .05 .41 .05 .46 .06 .34 .04 .33 .06 .30 .05 .36 .06 .80 .07
5579C .90 .03 .47 .05 .47 .04 .44 .05 .52 .04 .50 .05 .40 .05 .29 .05 .53 .04 .56 .06 .50 .06 .19 .05 .23 .08
6236/7DD .08 .03 .38 .05 .25 .03 .19 .04 .17 .03 .15 .04 .16 .04 .36 .06 .35 .04 .25 .05 .25 .05 .19 .05 .23 .08
NOTE.—The standard error, s, of each allele frequency was estimated by assumption that the allele frequencies were binomially distributed (data in bold italics from Hollox et al. [1999];
northern and southern European data from Harvey et al. [1998]). Underlined frequencies show that alleles were not in Hardy-Weinberg proportions (x2 tests, , not corrected forP ! .05
multiple observations). n p number of chromosomes.
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Figure 2 Pairwise linkage disequilibrium analysis across the lactase gene. Shown are 195 pairwise D′ values for all possible combinations
of six polymorphic loci in 13 populations. D′ values !0.5 are shown as a white boxes, D′ values between 0.5 and 0.8 are shown as gray boxes,
and D′ values 10.8 are shown as black boxes. D′ values 10.8 differ significantly from D′ p 0 (x2 test, , no correction for multipleP ! .05
observations) except in those boxes labeled with a white spot, in which statistical significance is not reached because of the low the numbers
of the rare allele.
used to construct a meaningful relationship between the
haplotypes that did not rely heavily on assumptions
based on modern haplotype frequencies, which have
been affected by selection and genetic drift. The pro-
cedure involved connecting each haplotype that differs
by one position, and simplifying the resulting complex
network by stepwise removal of haplotypes that fell into
certain categories.
Haplotypes that are likely to be recent recombina-
tions of the four common haplotypes were first iden-
tified and removed from the network. These were iden-
tified by analysis of the nature of the two polymorphic
sites 3′ to exon 17. Allele-specific PCR on samples from
different populations containing the common haploty-
pes allowed determination of the allelic state and phase
of these polymorphisms. Of the two sites tested,
CATT225 DDDD was in complete disequilibriumwith
the haplotype in 123 out of 124 chromosomes carrying
the four common haplotypes (A, B, C, and U). At the
C658T site, 108 of the 124 chromosomes carried the
most frequent allele for that haplotype. Eleven haplo-
types from the 33 further chromosomes tested can be
inferred to be likely simple recombinants of the four
common haplotypes (fig. 4) and were removed.
The next step was to remove rare haplotypes (.01
in any population, labeled as “#” in fig. 3) which could
be artifacts of maximum-likelihood analysis. The re-
sulting network is shown in figure 5a and links the
common haplotypes with the root haplotype, which is
deduced by analysis, in five unrelated chimpanzees, of
the nucleotides present at the 11 sites that are poly-
morphic in humans. This network suggests a direction
for the evolution of at least some of the haplotypes.
However, even after simplification, it is clear that at least
one recombination must have been involved in the ev-
olution of the common haplotypes, unless mutations
recurred at seven of the sites.
Graphical networks that include haplotype-frequency
information are shown for northern Europeans, other
non-Africans, and Africans (figs. 5b–5d). The African
network shows all the predicted linking haplotypes,
with only haplotype C at a reasonably high frequency.
The networked haplotypes represent 79% of the total
African haplotype diversity. In contrast, the A, B, and
C haplotypes are dominant in the non-African net-
works, whereas five of the networked haplotypes—two
of which are direct precursors to the observed haplo-
types—are not observed.
Discussion
Lactase persistence/nonpersistence is an example of a
polymorphic human trait for which allele frequencies
clearly have been affected by selection. Although the
molecular basis of this phenotypic polymorphism is not
known, lactase persistence is associated with one 70-kb
haplotype in Europeans, and the locus is cis-acting
(Wang et al. 1995). Thus, this large haplotype would
show evidence of a selective sweep if selection were act-
ing on a locus within the region of linkage disequilib-
rium. Although still debated, the nature of the selective
advantage of lactase persistence is clearer than many
other postulated examples of natural selection in hu-
mans (Holden and Mace 1997; Swallow and Hollox
2000). The consensus view is that selection has only
acted since the domestication of mammals 9,000 years
ago, which, in relation to the history of the species, is
very recent. Thus, interpretations of patterns of haplo-
type diversity can be apportioned into that which is at-
tributed to recent events, which affect a single popula-
tion or a subset of populations and probably generated
by selection for lactase persistence; and older events af-
fecting a large subset of populations and probably gen-
erated by drift.
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Table 2
Frequencies of Haplotypes in Different Population Samples
HAPLOTYPE
FREQUENCY IN SAMPLEa
Northern
European
( )n p 104
Southern
European
( )n p 106
Northern
Indian
( )n p 156
Southern
Indian
( )n p 84
Malay
( )n p 200
Chinese
( )n p 102
Japanese
( )n p 82
Papuan
( )n p 72
Roma
( )n p 170
Mordavian
( )n p 68
Russian
( )n p 80
Bantu
( )n p 72
San
( )n p 30
Persistence alleleb .75 .26 .48 .18 … .06 .10 .05 .25 .28 .37 .13 .03
A .86 .36 .44 .43 .49 .47 .37 .29 .49 .56 .44 .10 .06
B .06 .32 .22 .19 .13 .10 .10 .36 .30 .20 .21 … .03
C .03 .12 .23 .31 .18 .09 .15 .18 .09 .07 .15 .31 .03
D .03 .03 … … … … … … .01 .02 .01 … …
E .02 .06 .01 … .02 .02 .02 … .02 .01 .05 … …
F … … … … … … … … … … … … …
G … .01 .04 .01 .02 .06 … .06 .02 .03 .04 … …
H … … .01 … … … .01 … … … .01 … .04
I … .02 .01 .01 … … .02 … … … .01 … …
J … .03 … … .01 .01 .01 … .02 … … … …
K … … … .01 … … … … .01 … .03 .08 …
L … .01 … … … … … … … … … … …
M … .01 .01 … .01 .01 … … .01 .02 … .05 …
N … … … … … .02 .01 … … … … … …
O … … … … … … … … … … … .06 .20
P … … .01 .01 … … … … … … … .04 .10
Q … … .01 .02 .02 .02 .01 .07 .01 .02 .03 .04 …
R … … … … … … … … … … … … …
S … … … … .02 … .04 … … … … .02 …
167
T … … … … … … … … … … … .01 .03
U … … … … .08 .17 .24 .04 … .02 .01 .07 .17
V … … … … … … … … … … … .01 .03
W … … … … … … .02 … … … … … …
X … … … … … … … … … … … .07 …
Y … … … … … … … … … … … … .13
Z … … … … … … … … … … … … …
a … … .01 … … … … … .01 … … … …
b … … … … … … … … … … … … …
c … … … … … … … … … … … … …
d … … … … … … … … … … … … .04
e … … … … … .01 … … … … … … …
f … … … … … … … … … … … .01 …
g … … … … … … … … … … … .01 …
h … … … … … … … … … … … … …
i … … … … … … … … … .02 … … …
j … … … … … … … … … … … .05 …
k … … … … … … … … .01 … … .01 …
l … … … … … … … … … … … .06 …
m … … … … … … … … … … … … .03
n … … … … … … … … … … … … .10
o … … … … … … … … … .03 … … …
p … … … … .01 … … … … … … … …
Heterozygosityc .26.10 .75.09 .65.08 .69.10 .71.07 .73.09 .78.10 .75.10 .67.08 .65.13 .74.10 .87.08 .91.12
a Underlined values are the frequencies of the four common haplotypes.
b Frequency of persistence allele, from independent studies referenced by Flatz (1987).
c Heterozygosity over the whole haplotype.
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Figure 3 List of all deduced LCT haplotypes. Complete list of
LCT haplotypes, showing their allelic composition and frequency in the
total sample set used in this study. The sites are as in figure 1 and are
represented by either a blackened or an unblackened circle, which in-
dicates whether the allele is the new or ancestral allele, respectively. Each
haplotype is therefore represented as the combination of its component
alleles. The ancestral allele at each site is defined by analysis of the
analogous sequence of five unrelated chimpanzees. One chimpanzeewas
heterozygous for TG6236/7DD, so the commonest allele in the chim-
panzee (6236/7TG) is taken as ancestral. The ancestral allele at A8-552/
-559A9 cannot be deduced, because the chimpanzee sequence at this
point is very different and so is arbitrarily taken as A8. Asterisks (*)
indicate definite haplotype, either by homozygosity observed in an in-
dividual, heterozygosity at only one site, or deduced fromprevious family
studies. Number signs (#) indicate that the haplotype was present only
at .01 frequency in any population. Haplotype R was only observed in
one British individual of African descent but is not included in the data
set. Haplotype c was deduced by the visual inspection of the genotypes
of two individuals but was not identified by maximum likelihood anal-
ysis. Both haplotypes are included for the sake of completeness.
This study confirms the strong linkage disequilibrium
across the lactase gene that we reported previously in
Europeans (Harvey et al. 1995). In some cases, pairwise
linkage disequilibrium values are lower and appear to
reflect a particular haplotype frequency. For example,
in southern Europeans the reasonably high frequency
of haplotype E (.06, table 2), a probable recombinant
between haplotypes A and C (fig. 4), is reflected in a D′
A-678G/T5579C value of .06, or almost complete linkage equi-
librium, between A-678G and T5579C. The same, if
less dramatic, observation can be made in Russians (fre-
quency of haplotype E p .05, D′A-678G/T5579C p .23,). The
frequency of the U haplotype also varies between pop-
ulations, and this is reflected in pairwise linkage dise-
quilibrium scores between A8-552/-559A9 and G666A.
For example, in Japanese, the frequency of the U hap-
lotype is .24 and the D′A8-552 to-559A9/A666G value is .35,
whereas in Papua New Guineans (frequency of haplo-
type U p .04) and in south Indians (frequency of hap-
lotype U p 0) the D′A8-552 to-559A9/G666A values are .82 and
1, respectively.
Construction of the LCT haplotype network reveals
the relationships of the common haplotypes to each
other and to the root haplotype and helps in the inter-
pretation of the present-day distributions by emphasiz-
ing that the A, B, and U haplotypes are not directly
connected to the root and must have been generated by
intermediate haplotypes that are now rare or absent
from the non-African populations.
The sub-Saharan African samples show much greater
haplotype diversity than other populations (tables 1 and
2) with many extra haplotypes not seen in the other
population samples. Analysis of the unweighted means
of LCT haplotype-class frequencies shows that the four
common haplotypes and their simple derivatives (hap-
lotypes A, B, C, U, O, D, N, and F) comprise 89% of
total haplotype diversity in non-Africans, but only 51%
in sub-Saharan Africans. Both the San and Bantu have
high frequency of haplotypes (30% and 28%, respec-
tively) that are the intermediate steps between the four
common haplotypes, but these are almost absent in non-
African populations (3%). This pattern of higher di-
versity in Africans has been observed at other loci and
has been interpreted as evidence for an “out of Africa”
model for peopling of the non-African continents (Ayala
and Escalante 1996) though the role of selection and
population size in altering diversity within populations
is debated (Harding et al. 1997; Jobling et al. 1998).
Some data have been interpreted as favoring a “mul-
tiregional hypothesis” with large amounts of gene flow
between populations (Xiong et al. 1991; Harding et al.
1997), although, in one study, the data set was rather
small (Harris and Hey 1999).
The LCT data reported here suggest that much of the
present-day haplotype distribution and loss of haplo-
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Figure 4 Simple recombinants of the four common haplotypes. The alleles at each polymorphic site are represented as in figures 1 and
2. The two additional sites tested are CATT225DDDD and C658T. The numbers of chromosomes of each haplotype analyzed by this method
are shown on the right. When a circle is half blackened, both alleles were found on the haplotype defined by the 11 sites, and the two numbers
shown are the numbers with each allele at the new (12th or 13th) site. The first number represents the number of chromosomes with the allele
indicated by the first half of the circle, and the second number represents the number of chromosomes with the allele indicated by the second
half of the circle. The probable position of the recombination is shown by a vertical bar, with the progenitor haplotypes indicated on either
side. In some cases, the recombination point was localized more precisely by means of an exon 6 polymorphism (Boll et al. 1991; data not
shown). For example both forms of haplotype E (658C and 658T) were shown to be like haplotype C at exon 6, suggesting recombination
between exon 6 and exon 17. The vertical bar is replaced by a question mark (?) where the position of recombination is ambiguous.
type diversity outside Africa resulted from genetic drift.
Direct selection for particular alleles is unlikely to ac-
count for the loss of diversity, since there are no known
alleles shared between the four common haplotypes that
are not present in other haplotypes, and their distant
relationship means that a linked allele would have been
shared by other intermediate haplotypes.
Another noteworthy aspect of the non-African pop-
ulations is that, with the exception of the northern Eur-
opeans, they show rather similar levels of haplotype
diversity. This contrasts with a study of the pattern of
variation at the phenylalanine hydroxylase (PAH) locus
that used a four-site haplotype spanning 75 kb across
the gene (Kidd et al. 2000). The PAH locus shows in-
terpopulation differences in haplotype composition and
diversity. For example, the heterozygosities for the Rus-
sians and Japanese are .76 and .51, respectively, which
is a statistically significant difference ( , Stu-P p .05
dent’s t-test), whereas the two heterozygosities at the
LCT locus for a similar-sized sample set from the same
populations are .74 and .78 ( ). The similarity ofP p .4
the LCT locus in non-African populations suggests that
much of the diversity was determined before the pop-
ulations divided and hence before domestication of
mammals. Therefore, the bottleneck that caused the pre-
dominance of four haplotypes in non-Africans occurred
before modern humans were geographically spread over
the Old World. This occurred recently enough for link-
age disequilibrium to be observed across the region in
modern non-African populations.
Despite the overall similarity, there are some differ-
ences in the frequencies of haplotypes among non-sub-
Saharan African populations that deserve comment.
Haplotype U is found at reasonable frequencies in all
populations except Indo-Europeans, in whom it is very
rare or absent. This haplotype may have originated in
Asia and moved back into Africa, a movement which
has been suggested by Y-chromosome analysis (Ham-
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Figure 5 Lactase haplotype networks. A, Haplotype network showing probable phylogeny of the four common haplotypes (A, B, C, and
U). Each line is annotated with its corresponding mutational change, and an arrow is shown where the directionality of the mutation is known.
Mutational changes shown in bold are changes that occur only once in the network. B, Haplotype network, based on the framework of A,
with circle size corresponding to the frequency of the haplotype in the population. An unblackened circle shows that none of that haplotype
was observed in the population, and the smallest blackened circle represents frequencies of .1. The sub-Saharan African populations are
grouped and shown here, with 79% of total haplotype diversity represented in the diagram. C, As B, with non-African populations showing
92% of total non-African haplotype diversity represented in the diagram. Non-African excludes northern European. D, As B, with northern
European populations showing 98% of total northern European haplotype diversity represented in the diagram.
mer et al. 1998). The distribution may also be an in-
direct consequence of expansion of Indo-European pop-
ulations, or perhaps selection acting on a linked locus.
The observation of U haplotypes in the Russian pop-
ulation in the Urals may be a result of gene flow from
a neighboring Siberian population, since the Yakut have
a high frequency of U haplotypes (E. J. Hollox, A Ko-
zlov and S. Markova, unpublished data).
The A haplotype is present in all populations, what-
ever their lactase-persistence allele frequency. We have
previously suggested that lactase persistence arose on
an A haplotype background (Harvey et al. 1998), and,
although lactase persistence is associated with the A
haplotype in Europeans, there are clearly many non-
persistent A haplotypes in other populations. This study
emphasizes the unusually high frequency of the A hap-
lotype in northern Europeans, the only population
tested in which lactase persistence is at very high fre-
quency, and suggests that this high frequency is caused
by selection for the linked allele for lactase persistence.
The low heterozygosity in this group (caused by the high
incidence of A chromosomes) contrasts with the high
heterozygosity value at the PAH locus, emphasizing the
different histories of the two loci. However, a change
in the frequency of haplotype A is not evident for the
less-marked cline in lactase persistence from north to
south India. This could be a sampling artifact caused
by population sub-structure within the Indians tested,
or a high frequency of non-persistent A haplotypes in
the south Indians.
Several authors have attempted to explain present-
day lactase-persistence frequencies, in relation to the
short time period available for selection, using standard
selective (Bodmer and Cavalli-Sforza 1976) and gene-
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culture coevolutionary models (Aoki 1986; Feldman
and Cavalli-Sforza 1989). Here, we show that the A
haplotype is a useful “molecular handle” on a process
that has played a unique role in the evolution of hu-
mans. Subdivision of A haplotypes using associated
novel microsatellites is underway, and these subdivided
haplotypes may provide the necessary resolution for hu-
man genetic-history studies within closely related pop-
ulations differing in milk-drinking culture. These future
studies, together with the identification of the molecular
basis, will clarify the interaction between genetic and
cultural diversity in the evolution of this fascinating
polymorphism.
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